Precision control of interfacial structures and electronic properties is the key to the realization of functional heterostructures. Here, utilizing the scanning tunneling microscope (STM) both as a manipulation and characterization tool, we demonstrate the fabrication of a heterostructure in a single atomically precise graphene nanoribbon (GNR) and report its electronic properties. The heterostructure is made of a seven-carbon-wide armchair GNR and a lower band gap intermediate ribbon synthesized bottom-up from a molecular precursor on an Au substrate. The short GNR segments are directly written in the ribbon with an STM tip to form atomic precision intraribbon heterostructures. Based on STM studies combined with density functional theory calculations, we show that the heterostructure has a type-I band alignment, with manifestations of quantum confinement and orbital hybridization. Our finding demonstrates a feasible strategy to create a double barrier quantum dot structure with 2 atomic precision for novel functionalities, such as negative differential resistance devices in GNR-based nanoelectronics.
I. INTRODUCTION
Interfaces determine the key properties of electronic devices [1] . Precise control of interface structure presents a transformative opportunity for exploring novel device functionalities at the atomic scale. Graphene and related low-dimensional (LD) materials are a model system to explore the interfacial behavior and have been proposed as a promising material solution to computing beyond Moore's Law [2] .
Recent advances in bottom-up synthesis of atomically precise graphene nanoribbons (GNRs) , as well as GNR-based heterostructures (HSs) formed by fusing two or more GNR segments together via on-surface reactions [24] [25] [26] [27] [28] [29] , provide unique opportunities to make genuine progress toward a bottom-up synthesis of functioning interfaces. Recently, it has been shown [21, 30] that GNRs can be synthesized from polymer precursors by charge injections from a scanning tunneling microscope (STM) tip to trigger chemical reactions at selected molecular sites, thus enabling fabrication of designer heterojunctions with atomic scale precision. The applicability of this approach will hinge on demonstration of direct writing of atomically-precise interfaces with desired electronic properties. However, this promise is confounded by the fact that GNR edges, defects, confinement effects, and interactions with supporting substrate can all dramatically alter the electronic properties of these materials. It is thus pivotal to examine the electronic energy levels at the interface and explore routes to control their alignments for desirable interfacial functions.
In this paper, we demonstrate the direct writing of atomically precise HSs in single GNRs by the STM tip and study their interfacial electronic structures. The fabricated GNR-based HSs consist of seven-carbon-atom wide armchair GNRs (7-aGNRs) and an intermediate state in GNR synthesis, which is a partially-converted GNRs with one side of the polyanthrylene converted to the GNR structure while the other side remains in the polymeric structure. The STM is then used to characterize the atomic structure, energy level alignments, quantum confinement effects, and hybridization of electronic levels of the HSs. Our combined STM and density functional theory (DFT) study shows that the fabricated GNR/intermediate HS has a type-I band alignment. We then fabricate a double barrier quantum dot-like structure that is expected to display negative differential resistance (NDR). Our findings pave the way to controllable fabrication of GNR-based designer HSs with desired functionalities at the atomic scale.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The 10,10'-dibromo-9,9'-bianthryl (DBBA) molecules were adopted as precursors to grow the 7-aGNRs on an Au(111) substrate, as reported previously [3, 21, 23, 28] . Before deposition, the Au(111) single crystal was cleaned by repeated cycles of Ar + bombardment and annealing to 740 K. The DBBA molecules with a purity of 98.7% were degassed overnight at 450 K in a Knudsen cell. The molecule precursors were then evaporated from the cell at 485 K, while the Au substrate was held at 470 K. The molecules became dehalogenated upon adsorption. The sample was annealed at 470 K for 30 min to induce colligation/polymerization. In a 4 subsequent step, annealing to 670 K will fully convert the polymer chains to the 7-aGNRs, but we chose a lower temperature of 600 K to induce partial conversion to the intermediate between the polymer and the 7-aGNR, as illustrated in Fig. 1(a) .
STM characterization was performed with a home-made system at 105 K under ultrahigh vacuum conditions (base pressure better than 1 × 10 -10 Torr) with a well-cleaned commercial PtIr tip in a constant-current mode. The dI/dV spectra were 7 To achieve better control of HS fabrication and to write an HS in a single GNR at a designed location, we now fabricate different HSs from the intermediate structures in a controllable manner, where an STM tip is used to "direct write" the designer interfaces. As we demonstrated in Ref. [21] and illustrated in Fig. 2(a) , hole injections from an STM tip can be used to convert the polymer into GNR. The effect of tip treatment is shown in Fig. 2(b) , where one unit cell of an intermediate segment is When built into a device, the intermediate will not act as a localized scattering center.
Instead, it will serve as a functional component, e.g., a quantum dot confined by GNR barriers in a NDR device [ ].
IV. SUMMARY AND CONCLUSIONS
By using the STM tip as a manipulation tool, we show that atomically precise # C.M. and Z.X. contributed equally to this work.
